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G-protein couplingThe details of the interaction between G-proteins and the GPCRs have been subjected to extensive investigation
with structural and functional assays, but still many fundamental questions regarding this macromolecular
assembly and its mechanism remain unanswered. In the context of current structural data we investigated
interactions of dopamine D1 receptor with cognate G-proteins (Gαs) in living cells, emphasizing the prevalence
of preassembled D1-G-protein complexes. We also tested the effect of D1 receptor presence on the dynamics of
Gαs and Gαi3 in the cellular plasma membrane. Using ﬂuorescence resonance energy transfer (FRET) detected
by ﬂuorescence lifetime imaging microscopy (FLIM) or ﬂuorescence recovery after photobleaching (FRAP)
microscopy, we did not detect constitutive preassociated complex between D1 receptor and G-protein in the
absence of receptor activation. Our work suggests that D1 receptor alters the distribution of Gαs and Gαi3
subunits inside the membrane. We also ﬁnd that non-activated D1 receptor and Gαs or Gαi3 are present in the
cell membrane within the same membrane microdomains in the proximity of about 9–10 nm.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Dopamine receptors belong to a superfamily of G-protein-coupled
receptors (GPCRs). GPCRs constitute the largest group of proteins in
mammals and are responsible for the signal transduction from the
outside to the inside of the cell. The typical GPCR consists of seven
transmembrane α-helical domains connected by three intracellular
(IC 1–3) and three extracellular (EC 1–3) hydrophilic loops. Unlike the
C-terminus, which remains in cytoplasm, the N-terminus of GPCR is
located outside the cell and, in many cases, it takes part in binding the
ligand [1].
Dopaminergic neurons are the most numerous in brain. They are
responsible for such crucial processes as voluntary movement, affect,
sleep, regulation of food intake, attention, learning, working memory
and reward mechanism. The postulated dopamine-related disorders
include: Parkinson's disease, schizophrenia, ADHD and Tourette's
syndrome, which explains why the dopamine receptors are in the
center of interest of pharmacological industry and scientists [2,3].
Depending on the type of Gα protein they interact with and the
presence of introns in the coding genes, the dopamine receptors are
divided in two groups: D1-like and D2-like family. It is generally accept-
ed that in the native environment the receptor–G-protein coupling is
selective, i.e. a particular receptor interacts only with a certain type of
G-proteins [4]. The dopamine receptor D1 speciﬁcally recognizes αs
subunit of G-protein that stimulates the production of cAMPby adenylylcyclase (AC), while the D2 receptor interacts with Gαi that inhibits
catalytic activity of AC [5].
The mechanism of signal transduction has been extensively studied
for the last three decades. Generally, after the agonist ligand's binding,
GPCRs undergo several structural changes. The most important one is
the outward movement of 6TM domain at the cytoplasmic side as it
opens the cavity where the G-protein can bind to [6]. In an inactive
state the heterotrimeric G-protein consists of two elements: G-protein
α subunit (withGDPbound in the nucleotide binding site) and the com-
plex of βγ subunits. The activated receptor catalyzes the release of GDP
from Gα that in turn binds GTP; this promotes the dissociation of βγ
heterodimer from Gα. Then both the liberated α subunit and the βγ
complex can interact with effectors to transduce the signal. Gα has a
GTP-ase activity —after the GTP hydrolysis, GDP-bound α subunits
and βγ subunits complex re-associate in order to form the inactive
G-protein [7].
Receptors undergo desensitization in response to the continuous
exposure to agonists. This process is supported by G-protein-coupled
receptor kinases (GRKs) and adaptor proteins, called arrestins. Activat-
ed receptors are phosphorylated by GRKs at speciﬁc sites which attract
arrestins. Arrestins weaken the coupling between the receptor and Gα
subunit, thus preventing further signal transmission, although the
receptor is still activated by the ligand binding. The GRKs-arrestin
tandem is also responsible for receptors' internalization by means
of clathrin-coated vesicles (CCV). The CCVs transport receptors to the
early endosomeswhere they lose ligand and become dephosphorylated.
Subsequently, the re-sensitized receptors might be recycled, i.e. built
into the cellular membrane or predestined for degradation [8].
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G-proteins, it is still little known how the complex of those two items
is formed. Two major models have been created to explain the process
of G-protein recruitment to the ligand-activated receptor. According
to the classical “collision coupling” model, both GPCRs and G-proteins
diffuse freelywithin the plasmamembrane. Only the previously activat-
ed receptors couple with and speciﬁcally activate G-proteins. So called
“physical scaffold” model postulates that GPCR is precoupled with
G-protein before binding the agonist. This model could help to explain
the rapid cellular response to the stimulation as well as some of the
speciﬁcity of receptor/G-protein coupling [9,10]. Both of the above
mentioned hypotheses are supported by several experiments.
The aimof thisworkwas to verify the current results and to establish
which model – “collision coupling” or “physical scaffold” – is true.
The object of our analysis was the dopamine D1 receptor and the
two variants of G protein α subunit (Gαs and Gαi3). We applied two
ﬂuorescent methods FRET–FLIM and FRAP to investigate early steps of
the signaling cascade.
The FLIM method (Fluoresce Life-time Imaging Microscopy) is the
most advantageous of popular approaches used to measure the FRET
(Fluorescence «Förster» Resonance Energy Transfer) efﬁciency. It is
largely independent from the ﬂuorophores' concentration (expression
level), less severely impacted by photobleaching and it requires mea-
surements of the donor's emission only [11,12]. The FRAP (Fluorescence
Recovery After Photobleaching)method constitutes a supportive tool in
describing themodel of GPCR and G-protein couplings because the pace
of redistribution of the ﬂuorescently active molecules depends on their
size, viscosity of the environment and their interaction with other
molecules [13].
In the present study we demonstrated that the pre-complex of
dopamine receptor D1 and G-protein α subunit does not exist prior
to the receptor stimulation performed by the agonist. The basal
FRET-signal, which many authors interpret as a proof for pre-complex
formation, results from the fact that the receptor and the G protein α
subunit reside in the same microdomains in the cell membrane.
2. Materials and methods
2.1. Construction of fusion proteins — cloning procedures
Genes for human dopamine receptor D1 (DRD1), Gαs (GNASL) and
Gαi3 (GNAI3) cloned in pcDNA3.1+ vector (Invitrogen, Poland) were
purchased from UMR cDNA Resource Center. Vectors containing genes
for ﬂuorescent proteins i.e. pEYFP-N1, pEGFP-N1 and pmCherry-N1
were purchased at Clontech. EYFP and EGFP had undergone site-
directed mutagenesis before they were used as fusion partners. EYFP
was transformed to Citrine by replacing Gln69 with Met, while the
Ala206Lys transition created monoGFP (mGFP). Mutagenesis was
performedbyQuikChangemethod, using the following pairs of primers:
5′-CACCCAGTCCAAGCTGAGCAAAGACC-3′with
5′-GTCTTTGCTCAGCTTGGACTGGGTGC-3′ (for YFP) and
5′-CGGCCTGATGTGCTTCGCCCG-3′
with 5′-GAAGCACATCAGGCCGTAGCCG-3′ (for GFP).
The Gαs–Citrine construct (Citrine cloned between helical and GTP-
ase domains of Gαs)was created in three steps. First of all, the sequence
coding the amino acids 72–82 was removed and the restriction sites for
AgeI and EcoRV enzymes were introduced by QuikChange PCR (forward
primer: 5′-TCGTTATGGGATATCAGCAACAGCGATGGT-3′, reverse primer:
5′-CCATAACGACCGGTTCTCCATTAAACCCAT-3′). Next, the gene coding
Citrine protein was enriched with sequences recognized by AgeI and
EcoRV (forward primer: 5′-ATAAACCGGTGAGCAAGGGCGAGGA-3′,
reverse primer: 5′-GAGCGATATCCTTGTACAGCTCGTC-3′) and cloned
into modiﬁed pcDNA3.1+/GNASL vector. Finally, the GlyGlyGlySer
linker was introduced between the 71 E of Gαs and the ﬁrst V of Citrinein another QuikChange PCR (forward primer: 5′-GGGTTTAATGGAGAGG
GCGGAGGCAGCGTGAGCAAGGGCG-3′, reverse primer: 5′-CGCCCTTGCT
CACGCTGCCTCCGCCCTCTCCATTAAACCC-3′).
The D1–mCherry construct (mCherry fused to C-terminus of D1)was
made by adding appropriate restriction sites toDRD1 in the polymerase
chain reaction (forward primer: 5′-TAATACGACTCACTATAGGGAGAC
CC-3′, 5′-CCGCTCGAGGGTTGGGTGCTGAC-3′) and then by cloning the
dopamine receptor gene into pmCherry-N1 vector using NheI and
XhoI enzymes.
The Gαi3-mGFP construct (mGFP introduced into the second loop of
Gαi3 between amino acids number 114 and 115)was created by the OE
PCR cloning method [14]. The overhangs, complementary to the Gαi3
sequence around codon 114, were added to mGFP gene by classical
PCR using forward primer:
5′GATGCCCGGCAATTATTTGTTTTAGCTGGCAGTGCTTCCGGAGTGA
GCAAGGGCGAGGAGC-3′ and reverse primer
5′CCTGCTAGTTCTGGAGTCATGACTCCTTCTTCGGATCCCTTGTACAGCTC
GTCCATGCC-3′. Next, the double stranded PCR product (i.e. extended
mGFP gene) was cleaned and used in the second PCR, when it was
cloned into pcDNA3.1+/GNAI3 vector.
2.2. Cell culture and transfection
HEK293 (ATCC, Manassas, VA) cells were grown in Dulbecco's
modiﬁed essential medium supplemented with 1% L-glutamine and
10% heat-inactivated fetal bovine serum (FBS). The cells were cultured
at 37 °C in the atmosphere of 5% CO2. Transient transfections of cells
were performed using the TransIT-X2® Dynamic Delivery System
(Mirus Bio, Madison, WI). Two days before transfection, the cells
were seeded on sterile glass coverslips placed in 30 mm dishes. The
cells were transfected with 0.1–0.2 μg of DNA/dish. The ratio of
DNA coding receptor and G α protein was 1:1 or 1:1.5. The cells for
all the measurements were harvested for at least 48 h.
2.3. Live cell imaging microscopy
All ﬂuorescence microscope images were captured on a Leica TCS
SP5 scanning confocal microscope (Leica Microsystems, Germany)
controlled by LAS AF software. All the measurements were taken on
the living cells at 37 °C in an air-stream cube incubator. Before imaging,
the culture medium was replaced by the fresh DMEM-F12 (Sigma
Aldrich, Poznan, Poland) medium containing 2% FBS without Phenol
red. In the case of co-expression, the cells with comparable expression
of both proteins were chosen for analysis.
The ﬂuorescence imagingwas carried out with a 63× oil-immersion
objective 1.4-NA (Leica Microsystems, Germany), the line scanning
speed was 400 Hz. The excitation wavelength for Citrine and mGFP
was 488 nm (argon ion laser) and 594 nm (laser diode) for mCherry.
The emission intensities were recorded sequentially (line by line) in
the range of 495–570 nm for Citrine and mGFP, and between 610 and
700 nm for mCherry.
The cells were treated with 1 μM chloro-PB ((±)-SKF-81297
hydrobromide, Sigma Aldrich) or 1 μM A68930 (cis-(±)-1-
(Aminomethyl)-3,4-dihydro-3-phenyl-1H-2-benzopyran-5,6-diol hy-
drochloride, Sigma Aldrich) while imaging the samples. Gαs–Citrine
or Gαi3–mGFP and D1–mCherry trafﬁckings were imaged in real time
during the receptor stimulation. The images were recorded once every
30–60 s for the duration of the session. The presented images of live
cells are representative for 20 to 30 cells imaged in four or more
separate experiments.
2.4. FRAP measurements
FRAP experiments were performed on a Leica TCS SP5 scanning
confocal microscope with 63/1.4 NA oil-immersion objective. We used
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595 nm laser diode. Bleaching was performed in the equatorial plain
of the cell membrane, using the 488 nm line from 100 mW argon laser
operating at 75% power. The bleached area was a circular uniform spot
measuring 3 μm in diameter. We collected the images before and after
the bleaching, using low laser intensities, and we monitored FRAP for
the period of 80–180 s. The presented data was background subtracted
and corrected for standard bleaching during the experiment. The
ﬂuorescence recovery plots (with intensity values normalized
to prebleaching) were analyzed on the basis of one-dimensional
equation [15]:
Ft ¼ Fi−F0ð Þ  1−er f d= 2 2 D tð Þ0:5
  n oh i
þ F0
where Ft is the ﬂuorescence intensity at time, t, Fi is the maximal
recovered intensity over the period of the experiment, F0 is the
intensity after bleach, erf is the error function, d is the diameter
of the ROI selected for the bleach, and D is the apparent diffusion
coefﬁcient (Dapp). The mobile fraction Mf was calculated as:
Mf ¼ Fi−F0ð Þ= 1−F0ð Þ:
During imaging the cells were treated with 1 μM A68930 or 200 μM
GppNHp (Guanosine-5′-[(β,γ)-imido]triphosphate, Jena Bioscience).
The FRAP data was collected up to 7 min after A68930 treatment and
up to 30-45 min after GppNHp stimulation. Nonlinear curve ﬁtting of
the data was performed using OriginLab software (version 9.0,
OriginLab Corp., Northampton, MA).
2.5. FLIM–FRET measurements
The FLIM–FRET measurements were taken using a Leica SP5 II SMD
confocal microscope equipped with an integrated module for time-
domain lifetime measurements (PicoHarp 300, PicoQuant, Germany).
The 63 × NA 1.4 oil-corrected objective lens was used in all the experi-
ments. Citrine−mCherry and mGFP–mCherry ﬂuorophores were used
as FRET pairs. The donor's (Citrine or mGFP) excitation was performed
with the pulse laser with a repetition rate of 40 MHz at 470 nm.
A ﬂuorescence band-pass ﬁlter (500–550 nm) was used to detect
only the donor's ﬂuorescence. The lifetime images were recorded in
512 × 512 image format.
In all the experiments two samples were prepared for each pair
of ﬂuorescent proteins: one with the donor only (Citrine or mGFP)
and one with both the donor and the acceptor (Citrine or mGFP
and mCherry). The cells were treated with chloro-PB (10 nM,
100 nM, 1 μM) or A68930 (10 nM, 100 nM, 1 μM) or 200 μMGppNHp.
In all FLIM-FRET experiments ligands were added immediately after
the imaging started (5-10 s delay). Every singled out area was mea-
sured for about 2-3 min and images were collected up to 1 h after
stimulation.
The selected fragments of the cell's images presenting the membrane
were analyzed to obtain the ﬂuorescence lifetime values. The ﬂuores-
cence decay curves were ﬁtted to two-exponential equation, using
SymphoTime software (PicoQuant). By characterizing donor lifetimes in
the absence and presence of the acceptor, the FRET efﬁciency (E) for
each image was determined using the equation: EFRET = 1− (τDA / τD),
where τDA is the amplitude-weighted mean ﬂuorescence lifetime of the
donor (Citrine or mGFP) in the presence of the mCherry and τD is the
mean ﬂuorescence lifetime of the donor alone — with no acceptor
present. To compare the mean values of the donor lifetime or the FRET
efﬁciency obtained in separate experiments, the data was averaged and
a paired Student's t-testwas used. The differenceswere considered signif-
icant at P b 0.001. The statistical analysis was performed using OriginPro
software 9.0 (OriginLab Corp., Northampton, MA).3. Results
3.1. Confocal imaging and colocalization experiments
To investigate the receptor–G-protein interaction usingﬂuorescence
techniques we prepared a range of fusion proteins: D1 receptor linked
with red ﬂuorescent protein (mCherry), Gαs linked with yellow
(Citrine) and Gαi3 linked with green (mGFP) ﬂuorescent protein. All
the constructs showed good expression in the HEK293 cells (western
blot analysis see Supplementary Fig. 1) and the proper localization in
the plasma membrane. Representative images of the fusion proteins
are shown in Figs. 1, 2. The red ﬂuorescence of D1–mCherry is clearly
concentrated on the cell membrane (Figs. 1, 2). The receptor fusion pro-
teins are active, as their ability to bind the ligands shows [16,17].
As for the alpha subunits, we introduced FPs inside the polypeptide
chain because both— the N and C-termini— are crucial for the recep-
tor coupling. As it was veriﬁed by other authors, inserting the green
ﬂuorescent protein into the internal sequence of Gαs does not change
the properties of the fusion protein. The Gαs-GFP fusion protein binds
GTP in response to the agonist; it activates adenylyl cyclase; it is
appropriately expressed at the plasma membrane; and it exhibits
the trafﬁcking and signaling behavior identical with that of the
wild-type Gαs [18].
In our studies, monomeric Citrine or Cherry were inserted into the
linker between the helical and GTPase domains of the Gαs subunit.
The FPs were ﬂanked by Gly–Gly–Gly–Ser and Asp–Ile linkers. The
attachment of ﬂuorescent proteins to the Gαs subunit did not affect
its activity and targeting to the plasmamembrane. Gαs fusion proteins,
expressed in HEK293 cells by transient transfection, were transported
to the cell membrane surface (Fig. 1) and heterotrimers were activated
by the dopamine D1 receptor (see below). As for the Gαi3 subunit, we
inserted monomeric GFP into the αb–αc loop after Ala-114 amino
acid, similarly to the work of Gibson and Gilman [19]. The FPs were
ﬂanked by Ser–Gly and Gly–Ser linkers.
The correct localization of the G-protein heterotrimer requires the
presence of all the three subunits — α, β and γ. According to Atwood,
these subunits are endogenously expressed in HEK293 cells [20].
Nonetheless, the additional co-transfection with Gβ1 and Gγ2 sub-
units slightly improved the membrane surface localization of the
heterotrimer. In the cells with high overexpression of fusion proteins
we observed strong ﬂuorescence also from the cytoplasm.
The ﬂuorescence lifetime of GFP is highly dependent on its cellular
localization [21]. Unlike GFP, the Citrine's localization (either in
cytoplasm or Golgi apparatus or plasmamembrane) does not change
its ﬂuorescent lifetime [22]. We labeled Gαs with Citrine because it
appears in the cell cytosol within a few minutes after the receptor's
stimulation. Since Gαi should not undergo internalization after D1
receptor stimulation, we used mGFP to label it (mGFP is less prone
to photobleaching and it is more useful in FRAP experiments). As
shown in Fig. 1A–C, the treatment induced the D1 rapid movement
into miniscule intracellular vesicles looking like early endosomes.
We noted that chloro-PB caused the maximal co-localization of D1
and Gαs in the plasma membrane 2–3 min after application. In addi-
tion, after 5 to 10 min of treatment, the internalized Gαs–Citrine
co-localized with D1–mCherry in the vesicles, suggesting that the
receptor and Gαs partially follow the same endocytic pathways.
We obtained similar results in the experiments with the stimulation
by the partial agonist A68930 (Fig. 1D–F). As chloro-PB and A68930
activated D1 in the same way, only A68930 was used in the experi-
ments with D1 and Gαi3 because it is more stable. After the agonist
stimulation D1 was redistributed from the plasma membrane to
endosomes. Contrary to Gαs, Gαi3 did not form miniscule vesicles.
However, after several minutes of A68930 treatment, huge vesicles
appeared near the membrane surface (Fig. 2C). Interestingly, in
some of these huge vesicles the receptors were inside, while the
Gαi3 were attached to their membrane.
Fig. 1. Representative images of Gαs–Citrine and D1–mCherry co-localization before and after stimulation. (A, D) Localization of constructs in co-transfected HEK293 cells before
stimulation. Stimulation of D1 receptor by 1 μM chloro-PB — images collected after 2 min (B) and 7 min (C) of treatment. Typical images for stimulation by 1 μM A68930 collected
after 2 min (E) and 7 min (F). Scale bar, 10 μm.
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Fig. 2. Representative images of Gαi3–mGFP and D1–mCherry localization before and after stimulation. (A) Localization of constructs in co-transfected HEK293 cells before stimulation.
Stimulation of D1 receptor by 1 μM A68930 — images collected after 7 min (B) and 15 min (C) of treatment. Scale bar, 10 μm.
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To determine conditions under which α subunit of G-protein inter-
acts with dopamine receptor D1, we employed microscopy techniques:
FLIM–FRET and FRAP in the living cells environment. FRET is highly de-
pendent on the distance between the donor and the acceptor and their
orientation, and it occurs only when the two molecules lie within close
nanometric proximity. Fluorescence lifetimes do not depend on local
excitation intensity or ﬂuorophore concentration and they are largely
unaffected by moderate levels of photobleaching of ﬂuorophores [23].
The combination of FLIM–FRET with FRAP (a robust method to investi-
gate the lateral diffusion of proteins in the plasmamembrane) provides
information on the mobility of interacting molecules in living cells.
We monitored FRET by measuring the lifetime of the donor
ﬂuorophore in the absence and presence of the acceptor, as described
in Materials and methods section. In FRET experiments, the cells ex-
pressing Gαs–Citrine were additionally transfected with D1–mCherry.
The ﬂuorescence decay curves of Gαs–Citrine had two components
and the average ﬂuorescence lifetime was of approximately 3.045 ns
(±0.002 ns). In the presence of D1–mCherry the lifetime of Citrine slight-
ly decreased (to 2.948±0.002 ns) giving a FRET efﬁciency value of 3.18%.
Co-transfection of HEK cells with additional vectors coding Gβ1γ2 sub-
units (to provide the excess of Gβγ dimers in the cells) had no effect on
FRET between Gαs and D1. The calculated FRET efﬁciency was exactly
the same — 3.18%. The FLIM images shown in Fig. 3A are the intensity-
merged false-color lifetime representation of the typical cells. The lifetime
shortening due to FRET was also observed on the FLIM images as auniform change in color towards the blue hues across all the pixels. The
energy transfer was observed only in the plasma membrane.
The existence of BRET (Bioluminescence Resonance Energy
Transfer) or FRET between different GPCRs and Gαβγ, in the absence
of the receptors' activation, is supported by several studies [4,
24–26]. According to many scientists, this suggests that G-protein
is preassembled with GPCR before activation and it forms a stable
complexwith the receptor during the early steps of activation. However,
the results of our further experiments did not conﬁrm the presence of
precoupling phenomenon (see below).
The calculated FRET efﬁciency for Citrine–mCherry indicates that
ﬂuorescent proteins attached to Gαs and dopamine D1 receptor are on
average in the radius of 9.5 nm, as based on the FRET Förster R0
of 5.4 nm for this pair of ﬂuorophores [27]. To establish whether the
observed decrease in lifetime was due to intramolecular Gαs–D1
precomplex formation, we used Gαi3–mGFP as negative control
because Gαi3 does not interact with the dopamine receptor D1 and it
is a selective transducer of a signal from the dopamine receptor D2 [2].
The ﬂuorescence lifetime of themGFP tagged to Gαi3 wasmeasured
without the receptor stimulation and after the addition of 1 μMA68930
agonist. As reported previously [22,28], the ﬂuorescence decay of mGFP
is better described by a double exponential ﬁt with an average lifetime
of approximately 2.261 ns (±0.002 ns). In the presence of D1–mCherry
the lifetime of Gαi3–mGFP slightly decreased to 2.187 ns (±0.004 ns),
giving the FRET efﬁciency value of 3.27%. The receptor's stimulation
resulted in longer ﬂuorescence lifetime, and in consequence, the FRET
efﬁciency was reduced to 1.67% (Fig. 3B and D). Our result is consistent
Fig. 3. FLIM–FRET of Gα subunits. (A) HEK293 cells were transiently transfected with Gαs–Citrine alone or both D1–mCherry and Gαs–Citrine. Fluorescence lifetimes are presented in
a continuous pseudo-color scale representing time values ranging from 2.6 to 4.0 ns. (B) HEK293 cells were transiently transfected with Gαi3–mGFP alone or both D1–mCherry and
Gαi3–mGFP. Fluorescence lifetimes are presented in a continuous pseudo-color scale representing time values ranging from 2.2 to 3.3 ns. (C) Fluorescence lifetime distribution curves
of: donor (Gαs–Citrine), donor in the presence of acceptor (D1–mCherry) andGβ1γ2 dimer, donor in the presence of acceptor after treatment by 1 μMchloro-PB. (D) Fluorescence lifetime
distribution curves of: donor (Gαi3–mGFP), donor in the presence of acceptor (D1–mCherry), donor in the presence of acceptor after treatment by 1 μMA68930. (E) Box plot of calculated
FRET efﬁciency percentage. Statistical signiﬁcance of the difference in the FRET signals detected in the absence and presence of receptor D1 and ligands was assessed using a paired
Student's t-test (*P b 0.001). Gαs n = 66; Gαs and D1 n = 117; Gαs, Gβ1γ2 and D1 n = 47; Gαs, D1 and chloro-PB n = 88; Gαs, D1 and A68930 n = 26; and Gαs, D1 and GppNHp
n= 47. (F) Box plot of calculated FRET efﬁciency percentage. Statistical signiﬁcance of the difference in the FRET signals detected in the absence and presence of receptor D1 and ligands
was assessed using a paired Student's t-test (*P b 0.001). Gαi3 n = 32; Gαi3 and D1 n = 27; and Gαi3, D1 and A68930 n = 16.
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activation. Theobserved decrease of FRET resulted from reducing the re-
ceptors' population in the plasma membrane. The calculated distance
between D1 and Gαi3 was 9.2 nm, as based on the FRET Förster R0 of
5.4 nm for this pair of ﬂuorophores [27]. As the distances between the
receptor and both the Gαs and Gαi3 subunits are similar, we postulate
that FRET between Gαs and D1 is not caused by precoupling — but it
rather results from a close proximity of these two proteins in the plasma
membrane.
Proximity FRET occurs when the donor and the acceptor approach
each other by chance within the distance of about two Förster radii [29].
In our case the contribution of proximity FRET to overall FRET is not
easy to predict because it depends on the oligomeric state of proteins in
the membrane [30]. In general, GPCRs seem to display similar lipid
phase preferences as heterotrimeric G-proteins and are found both inside
and outside the membrane microdomains [31–34]. G-proteins do notexist in themembrane at randombut they tend to concentrate in special-
ized distinct microdomains [35]. The localization of the receptors and G-
proteins within the same microdomains may be responsible for FRET,
despite the lack of speciﬁc receptor–G-protein interactions.
We also tested the lateral diffusion of the D1 receptor and G-proteins
using FRAP. To assess the stability of the potential protein–protein inter-
actions, ﬁrst we determined the diffusion coefﬁcients for each protein
separately and, later on, we observed changes of the lateral dynamics in
the cells that expressed the pairs of investigated proteins. Unlabeled β1
and γ2 G-protein subunits were also co-expressed in some experiments
to provide the excess of Gβγ dimers in the cells. The data was collected
as described in theMaterials andmethods and the analysis of the proteins
dynamics is shown in Table 1 and Fig. 4. A stable constitutive complex of
G-proteins and receptor would cause a signiﬁcant decrease of mobility of
G-protein. Meanwhile, the lateral mobility of Gαs protein in the presence
ofD1 receptor increased from0.130 to 0.160 μm2/s,which implies that the
Table 1
Lateral diffusion characteristics of Gαs–Citrine and Gαi3–mGFP in HEK293 cells.
Treatment Protein Dappa Mfa n
μm2/s %
D1 0.081 ± 0.002 82.9 ± 1.3 78
Gαs 0.130 ± 0.004 84.5 ± 1.5 49
Gαs D1 0.160 ± 0.005 88.5 ± 1.0 100
Gαs D1 Gβ1γ2 0.171 ± 0.007 91.7 ± 1.9 33
Gαi3 0.338 ± 0.022 94.2 ± 1.7 34
Gαi3 D1 0.310 ± 0.018 91.3 ± 1.9 35
Gαi3 D1 Gβ1γ2 0.335 ± 0.019 96.0 ± 1.1 30
A68930 Gαs D1 0.220 ± 0.016 75.0 ± 3.0 16
GppNHp Gαi3 D1 0.301 ± 0.018 92.2 ± 2.2 19
GppNHp Gαs 0.189 ± 0.008 94.3 ± 1.4 32
GppNHp Gαs D1 Gβ1γ2 0.185 ± 0.009 89.8 ± 1.8 33
a Mean ± S.E.
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receptor stimulation. We obtained similar results for the cells which
expressed Gαs, D1 and Gβ1γ2 dimer; the diffusion coefﬁcient value
equaled 0.171 μm2/s. The increase of the diffusion coefﬁcient of Gαs in
the presence of D1 can indirectly result from the diminished area of the
membrane surface unoccupied by the receptor. The presence of addition-
al receptor molecules may cause the G-protein translocation to another
distinct lipid microenvironment, e.g. lipid microdomains or rafts. It is
also possible that the D1–Gα co-expression alters the subcellular distribu-
tion of the Gα subunit, i.e. Gαs is translocated from the inside of the cell
near the cell membrane.Fig. 4. Analysis of the recovery of ﬂuorescence intensity after Gαs or Gαi3 subunit photoblea
(A) prebleaching, (B) immediate postbleaching and (C) complete recovery. Enumerated circ
representative curves fromFRAP experiments. Statistical signiﬁcance of thedifference between
D1 and ligands was assessed using a paired Student's t-test (P b 0.001). D1 n= 78; Gαs n= 49;
Gβ1γ2 and D1 n = 30; Gαs, D1 and A68930 n = 16; Gαi3, D1 and GppNHp n = 19; Gαs and GIn the next stage of our experiments we used Gαi3 as negative
control to test the speciﬁcity of interaction between the D1 receptor
and G-protein. In the absence of exogenous D1 receptor, the diffusion
coefﬁcient of Gαi3 was 0.338 μm2/s andMf equaled 94.2%. The observed
alterations between the diffusion of Gαs and Gαi3 cannot be explained
simply by their different molecular weight values (Gαs — 45.6 kDa,
394 aa; Gαi3 — 40.5 kDa, 354 aa) because the diffusion constant
changes slowly along with molecular weight [36]. The Gαs and
Gαi3 subunits also differ in post-translational fatty acid modiﬁcations
(Gαi3 is N-myristoylated and S-palmitoylated while Gαs is N- and S-
palmitoylated). However, these similarly saturated lipid anchors are
supposed to bind Gαs and Gαi3 to the same kind of microdomains in
the membrane. Thus differences in the lateral mobility of Gαs and
Gαi3 suggest that additional factors contribute to targeting of Gαs and
Gαi3 e.g. the interaction with other proteins or lipids.
In the presence of D1 receptor, the mobility of Gαi3 equaled
0.310 μm2/s andMfwas 91.3%. The difference in the diffusion coefﬁcient
for Gαi3 in the presence and absence of D1 receptor was not statistically
signiﬁcant. These results conﬁrmed that Gαi3 does not interact with D1
receptor, as it was described earlier by Undieh [2]. As in the case of Gαs,
the presence of exogenous Gβ1γ2 dimer had little inﬂuence on the Gαi3
mobility (Table 1).
3.3. G-protein activation by GppNHp
We used GppNHp, the hydrolysis resistant analog of GTP, to activate
G-protein. The lateral diffusion of activated Gαi3 in the presence of D1ching in the presence of D1 receptor and Gβ1γ2 dimer. Typical images corresponding to:
les represent: (1) bleached area, (2) control region and (3) background. (D) Plot shows
diffusion coefﬁcients andmobile fractions obtained in the absence andpresence of receptor
Gαs and D1 n= 100; Gαs, Gβ1γ2 and D1 n= 33; Gαi3 n= 34; Gαi3 and D1 n= 35; Gαi3,
ppNHp n = 32; and Gαs, Gβ1γ2, D1 and GppNHp n = 33.
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of GppNHp (Table 1). This result implies that diffusion of Gαi3 is
entirely free.
The values of the lateral diffusion coefﬁcient obtained for activated
Gαs alone and in the presence of D1 receptor and Gβ1γ2 dimer were
very similar and equaled 0.189 μm2/s (Mf = 94.3%) and 0.185 μm2/s
(Mf = 89.8%) respectively. We also did not observe signiﬁcant
differences in FRAP for activated and non-activated Gαs subunits
in the presence of D1 and Gβ1γ2 dimer — the diffusion coefﬁcient
of Gαs in the absence of GppNHp was 0.171 μm2/s (Table 1).
The values of the diffusion coefﬁcient varied signiﬁcantly depending
on the activation state of Gαs. The FRAP results obtained before and
after activation of G-protein displayed signiﬁcant differences in the
Gαs lateral mobility and in the content of Gαs in the mobile fraction.
Prior to the addition of GppNHp to Gαs, the diffusion coefﬁcient had
the value of 0.130 μm2/s and Mf = 84.5%. The differences in mobile
fraction values show that the diffusion of non-activated Gαs is not
completely independent. After its activation by GppNHp, Gαs seems
to be translocated into different regions of themembrane characterized
by relatively lower effective viscosity. It is also worth noting that
physiological depalmitoylation of the Gαs subunits occurs subse-
quently to the receptor's activation. Depalmitoylated active Gαs
remains associated with the cell membrane [37], but moves into other
membrane fractions such as lipid rafts/caveolae [31,38]. The exact
mechanisms of how and when the Gα proteins become palmitoylated
and depalmitoylated are still not known.
In our FLIM–FRET experiments, the GppNHp stimulation shortened
the lifetime of Gαs–Citrine in the presence of D1–mCherry from
3.045 ns (donor alone) to 2.905 ns (donor in the presence of acceptor).
This lifetime shortening gives the FRET efﬁciency value of 4.58%,which is
higher than the one before the activation of Gαs (3.18%). Such a change
may result from the structural rearrangement in Gαs after GppNHp
binding. However, the FRET signal may also increase due to shortening
the distance between Gαs (donor) and the receptor (acceptor) or
translocating Gαs to the part of the membrane where the concentration
of D1 is a little higher.
3.4. Receptor's activation by agonists
We used three different concentrations of chloro-PB and A68930
(10, 100 and 1000 nM) to examine the inﬂuence of agonists on the D1
receptor's activation. In the classical model of GPCR activation, after
adding the receptor's agonist, the complex rapidly dissociates, which
makes it possible for the receptor and the G-protein subunits to partic-
ipate in other signaling processes [10]. If this model had been true, the
FRET signals would have been reduced. While in fact, we observed
quite the opposite changes. Both the chloro-PB and the A68930
treatment increased the FRET efﬁciency between D1–mCherry and
Gαs–Citrine.
In the case of chloro-PB treatment, the FRET efﬁciency equaled
5.58%, for A68930 it was 5.89%. Such an increase in the FRET efﬁciency
can be explained in two different manners. It may result from the
equilibrium between the association phase and the dissociation phase
of the activation cycle. However, in our experiments the different
concentration of the agonists (10 nM–1000 nM) did not change the
FRET efﬁciency (Supplementary Table 1). It may also imply that, after
the receptor's activation, theD1–Gαs complex did not completely disso-
ciate. Instead, it was rearranged so that both the proteins remained in
close contact. Some scientists postulate the lack of subunits' dissociation
in the early step of activation [24]. However, our FRAP results did not
support this concept. In response to the stimulation of D1 receptor
with A68930 agonist, the overall diffusion rate of Gαs signiﬁcantly
increased to 0.220 μm2/s and the mobile proteins' fraction decreased
to 75%. We also observed that, upon the receptors' stimulation, the
FRET signal lasted for a few minutes. The most plausible explanation is
that Gαs – after dissociation from Gβγ – was translocated to this areaof the membrane where the concentration of receptors was higher.
We also noticed that some of the receptor and Gαs populations were
transported inside the cytosol by the same membrane vesicles (Fig. 1).
4. Discussion
GPCRs–G-proteins interactions are presumably one of themost inten-
sively studied parts of the signaling mechanism, yet some key questions
about this interaction are still unanswered. The main unresolved issue
concerns the speciﬁcity of coupling between receptors and G-proteins
[39]. It is unclear how the coupling speciﬁcity of a given receptor and its
cognate G-protein(s) is generated. Another question is whether the spa-
tial organization of the GPCRs and G-proteins in the cellular membrane
or/and interactions with other proteins affect such a speciﬁcity.
Two different models are suggested to explain G-protein–GPCR
coupling: “collisional coupling” and “physical scaffold”. The ﬁrst model
hypothesizes that these interactions occur through collisional coupling
and free lateral diffusion within the plasma membrane, wherein
G-proteins only interact with activated receptors [40]. The second
model assumes that the G-protein is preassembled with GPCRs before
their activation. Afterwards, the stable complex is formed during the
early steps of activation [24,41]. This model is supported by several
studies demonstrating α2A, β2, M4, D2S and M3R receptors preassem-
bled with G-protein in the absence of agonist stimulation [4,24,25,42].
We used the FRAP and FLIM–FRET measurements to verify the two
models of coupling on the example of dopamine D1 receptor and two
different Gα-proteins. Applying the method of FLIM–FRET imaging of
the living cells, we did not detect a constitutive preassociated complex
between D1 receptor and Gαs (transducer of D1 signals) or Gαi3 prior
to the receptor's activation. Also lateral diffusion coefﬁcients obtained
in the FRAP experiments did not support the precoupling model. The
calculated FRET efﬁciency values for the receptor and the two Gα
subunits were similar, suggesting that the distance between D1 and
Gαs or Gαi3 in the membrane is about 9–10 nm.
Substantial evidence revealed that proteins' distribution in the
membrane is not homogenous and random. Instead, the membrane
consists of transient lipid domains with built-in clusters of proteins
[43]. Additionally, the presence of some proteins in the cellular mem-
brane is transiently restricted to submicroscopic regions [44]. Some of
these lipid domains are less ﬂuid than the cellular membrane and they
are enriched with cholesterol and certain saturated acyl lipids [45,46].
Lipid rafts are characterized as detergent-resistant ﬂat domains, formed
solely by lipid–lipid interactions [47,48]. Caveolae represent a morpho-
logically distinct subtype of lipid rafts. Unlike other lipid rafts, caveolae
are smooth, non-planar, cell-surface invaginations in the plasma mem-
brane [49] that seem to be formed due to caveolin oligomerization [50].
Earlier FRET experiments show that GPCRs reside in microdomains
that measure 10 nm in diameter [51]. Both Gαi and Gαs are found in
lipid rafts [35] and some G-protein subunits are partially co-localized
with adenylyl cyclase in lipids rafts/caveolae [31]. This indicates
that on the cell surface G-proteins are distributed among different
types of microdomains. Lipid modiﬁcations of Gαs (palmitoylation)
and Gαi (palmitoylation/myristoylation) subunits [52] are probably
responsible for G-proteins preferential localization in the above
mentioned structures.
The lateral diffusion coefﬁcients of Gα subunits obtained in our
studies (by means of FRAP) were signiﬁcantly different. The diffusion
of Gαi3 in the plasma membrane was much faster than the one of
Gαs, which suggests that their distribution inside themembrane varies.
According to co-immunoprecipitation studies of the isolated detergent-
resistant membrane fraction [35], both Gα subunits are located in the
membrane rafts and caveolae, but Gαs has slightly higher preferences
to the caveolae than Gαi. Unlike the FRAP measurements, detergent
fractionation studies do not provide an accurate picture of proteins'
distribution among different lipid environments in intact living cells.
However, our diffusion data conﬁrmed that Gαs localizes in the less
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diffusion is two times slower than the one of Gαi3's. Since Gαi3 clearly
prefers the more mobile fraction of the membrane and/or the mem-
brane microdomains and, contrary to lipid rafts, caveolae are highly
immobile microdomains [53], this may suggest that some portion of
Gαs resides in caveolae. Nevertheless, both Gαi and Gαs may actually
move in and out of caveolae and attach to lipid rafts or other parts of
the plasma membrane [35,54].
The presence of D1 receptor changed the lateral diffusion of both Gα
subunits, but in different manners. D1 receptor is palmitoylated on cys-
teines 347 and 351 [55], which may result in targeting this receptor to
the same lipid environment where G-proteins reside. However, not all
palmitoylated receptors are built in rafts and not all raft-attached
GPCRs are palmitoylated [56]. Recent studies – based on a novel in-
cell biotin transfer assay – have revealed that themajority of the plasma
membrane-expressed population of dopamine receptor D2 (speciﬁcally
interacting with Gαi) is located within detergent-resistant structures
which do not correspond to classical lipid rafts [57]. Provided that the
D1 receptor localizes in a similar way, FRET between Gαi3 and D1 can be
induced by receptor molecules which are built into the same microdo-
mains as G-protein. FRET may be also induced when Gαi3 docks to the
receptor-rich microdomains. The addition of exogenous Gβγ dimers did
not inﬂuence the diffusion coefﬁcient of Gαi3. However, the Gβγ dimer
promoted proper localization of heterotrimer. It has been shown by
other authors that the Gβγ dimer assists in recruiting the Gα protein to
the cell membrane by acting as amembrane-bound docking protein [58].
As for Gαs, the presence of receptor accelerated its overall diffusion.
This suggests that the receptor somehow redistributes Gαs in the mem-
brane. It is known that the D1 receptor may be targeted to caveolae
[59]. The receptor's presence in caveolae might attract some Gαs to the
rafts. Another explanation for Gαs' accelerated diffusion is D1-mediated
docking of Gαs to the rafts or to the receptor-rich microdomains. The ad-
dition of exogenous Gβγ dimers to the cells expressing D1 and Gαs did
not signiﬁcantly accelerate the diffusion rate of G-protein and did not
change the FRET signal. Thus, it may be concluded that the population
of Gαs (ﬂuorescence donor) and D1 (ﬂuorescence acceptor) molecules
which are in close proximity in the membrane remains unchanged.
The agonist–receptor binding induces conformational changes in
G-protein, which increases the afﬁnity of the Gα subunit to Mg2+ and
causes the release of GDP fromGα. Next, Gα bindsGTP,whichpromotes
the dissociation of βγ dimer from Gα. A second method of regulating
the activity of G-proteins is to prevent the formation of the Gαβγ
heterotrimer by inhibiting either Gβγ or Gα from re-association. To
activate G-protein we used GppNHp — the hydrolysis resistant analog
of GTP. After binding GppNHp, the Gαs' diffusion was faster than the
values observed for the complete heterotrimer. However, Gαs did not
change the cellular localization, as it was observed after the receptor's
stimulation. The activated Gαs subunits were still associated within
the cellular membrane. In our study, it is not clear whether the changes
in Gαs diffusionwere caused only by dissociating fromGβγ dimer or by
translocating into another area of themembrane, too. The data interpre-
tation is even more complicated due to the possibility of Gαs' associa-
tion with the present endogenous adenylyl cyclase. The GppNHp
treatment resulted in the slight increase of FRET signal between Gαs
and D1 receptor, which suggests that after activation Gαs still remains
in close proximity to D1 protein, possibly in the rafts or in the
receptor-rich compartments of the membrane. As expected, the
Gβγ dimer and/or the D1 receptor did not affect the diffusion rate
of Gαs and GppNHp complex. In the case of Gαi3, GppNHp slightly
slowed its overall lateral diffusion but it did not change the cellular
localization of Gαi3. Activated Gαi3, having dissociated from Gβγ,
could be either involved in large complexes with adenylyl cyclase
or slowed down by the lipid microenvironment.
Binding of agonists induces conformational changes in receptors,
followed by coupling of the receptor with the set of protein partners.
In response to the stimulation of D1 receptor by A68930 agonist,the overall diffusion rate of Gαs almost did not change in respect to
GppNHp treatment. However, the fraction of immobile protein in-
creased by 20%. This may result from several simultaneous processes
involving Gαs, such as: association with/dissociation from the recep-
tor, Gβγ dimer dissociation, association with adenylyl cyclase and
receptor-dependent internalization. However, there was still a sub-
population of Gαs which diffused very quickly in the membrane.
It was shown that the agonist activation of β2A receptor signiﬁcantly
raised the presence of Gαs protein in the membrane insoluble in
Triton X-100, which suggests that Gαs moves into lipid rafts/caveolae
after activation [38]. Our FLIM–FRET results showed that FRET efﬁciency
between Gαs and the receptor almost doubled after the agonist stimu-
lation, as compared to the base signal (in the absence of agonist stimu-
lation). The FRET signal lasted for a few minutes, which means that the
active receptor and Gαs stayed in close proximity during the activation
steps. The increase of FRET could be caused by translocating Gαs into
the receptor-rich area of the membrane, accordingly to the results of
studies on the β2A receptor agonist activation. Such a co-sequestration
of activated G-proteins in the receptor-rich domains of plasma mem-
brane might be physiologically grounded. Having activated the recep-
tor, the complex translocates into microdomains or, alternatively, it
triggers the assembly of microdomains, which may facilitate the next
steps of the signaling pathway. Sharma and colleagues observed the
loss of both detergent-soluble and detergent-resistant dopamine D2 re-
ceptor fraction from the cell surface, as a result of dopamine treatment.
Interestingly, the loss of detergent-resistant fraction was signiﬁcantly
greater, conﬁrming that these protein populations have either intrinsi-
cally different biochemistries or they originate from distinct biochemi-
cal environments in the plasma membrane [57].
Our FLIM–FRET and FRAP data provides a picture of Gαs, Gαi3
and D1 receptor distribution at equilibrium during the G-protein-
dependent signaling. Our results are consistent with the others [33,57,
60]. Namely, all of them implicate that the signaling cascade – initiated
by the activation of G-proteins by the receptor – does not result from
the random receptor-Gα protein collision but it involves organized
modules. What is more, our studies did not conﬁrm the presence
of the complex of non-activated receptor and G-protein. Thus we
may conclude that none of the presumed models – neither collisional
coupling nor physical scaffold – describes the process of G-protein-
dependent signaling precisely. At the same time we cannot exclude
that one of thesemodels may apply to other proteins fromGPCR family.
Our study on Gαs, Gαi3 and dopamine D1 receptor revealed that a
subpopulation of these molecules occurs in the same microdomains or
microcompartments of the membrane, and this may be an important
feature of the signal transduction. Both Gαs (a transducer of D1 signal)
and Gαi3 (as D1-noninteracting protein) are located within the same
membrane area as the receptor. The very same localizationmay indicate
the lack of a speciﬁc mechanism responsible for arranging the signal
platform inside themembrane. It may be presumed that such an organi-
zation increases the frequency of interactions between the signaling
molecules remaining in close proximity.Acknowledgements
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